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ABSTRACT 

A s  d d e m o n s t r s t i o n  of t h e  p r e d i c t i v e  c a p a b i l i t i e s  of t h e  method 

of S t r a  in rang i?  Pa r t i  t i o r i  nq ,  p u b l i s h e d  h i q h - t  emperature, low 

c y c l a ,  c r e e p - f a t i g u e  test  r e s u l t s  - n  A I S 1  Types 7C4 a n d  316 

s t a i n l e s s  steel  uere a n a l y z e d  a n 4  c a l c u l a t e d  c y c l i c  l i v - s  

c o m p a r e d  w i t h  o b s e r v e d  l ires.  P r J d i c t e d  1 i v e s  agreed w i t h  

o b s e r v e d  lives w i t h i n  f a c t o r s  of two for 76  p e r c e n t ,  factors of 

thrcz for 93 p e r c e n t ,  a n d  factors of four for 98 p e r c e n t  of t h e  

l a b o r a t o r y  tests a n a l y z e d .  A g r t - ~ a e n t  b e t u e e n  o b s e r v e d  a n d  

p r e d i c t e d  lives is j u d g e d  s a t i s f a c t o r y  c o n s i d e r i n g  t h a t  t h e  d a t a  

a t e  associated w i t h  d number O t  variables ( two alloys, severs1 

h e a t s  a n d  h e a t  t r e a t m e n t s ,  a r a n g e  of t e m p e r a t u r e s ,  d i f f e r e n t  

t e s t i n g  t e c h n i q u e s ,  r t c . )  t h a t  a r e  ? o t  d i r e c t l y  a c c o u n t e d  for in 

t h e  c a l c u l a t i o n s .  
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pure P6 l i f e ,  qclets to  failure 
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standard esror of estimate 

i n e l  as t i c str a i a t  ange 

YO component  of i n e l a s t i c  straintanye 

PC component of i n e l a s t i c  strainrang* 

CP component ef i n e l a s t i c  strainrange 

CC cornpaneat of i n e l a s t i c  strainrange 

amount of stress relaxation during strain hold- t ime  

TEST TYPE 

BCCR 

BB SC 

CCCP 

CCC R 

CH!X 

H RSC 

TCCP 

balanced cyclic creep rupture 

balanced h o l d  s t r a i n  cycle 

compressive cyclic creep rupture  (lcw temperature p l a s t i c i t y )  

ccmpressiwe cyclic creep rupture 

compressive h o l d  strain cycle 

h i g h  rata strain cycle 

tensils cyclic creep rupture (low temperature p l a s t i c i t y )  
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1 UTBODUCTIOIO 

Strainrange Pa r t i t i o n i a g  i s  a method for characterissing aad 

predicting t!m high-teaptature, ltou-epclt3 fa t igue  be8arior of 

metallie materials. 

t h e  o i a b f l i t y  of t h e  method for s-m&,&.&~g laboratory 

c r e e p - f a t i g u e  data for tests invaloirg e o m p l e t c l p  reversed s tra in  

cycles. C h a r a c t e r i z a t i o n  is e x p r e s s e d  in tcrlas of  t h e  four 

yeueric stralaranye oet8us fife relat ions t h a t  are t . h c  

Cornetstoaes of t h e  method. FOE a g 6 m n  heat of certain 

materiels, ( far exampler A I S 1  Type 316 s t a i n l e s s  steel an41 2 

V 4 c t  - lra0 ste?6!1, Ret. 2) the l ife relations hare  beerr shown to 

t e p r e s e n t  lanotatory fat iyue  l i o o s  generally w i t h i n  tsctnrs of 

t w 3  o n  cpclrc l i f e  for d range of test temperatures and 

I n i t i a l  s t n d i e s ( l - 3 ) *  h a v e  dctaaansttated 

s t r n i u r a n g e s  of p r a c t i c a l  i n t e r e s t .  The c h a r a c t e r i z a t i o n  

c a p a b i l i t i e s  of the inettrod are now u e l t  dccumentkd,  but the 

p r e d i c t i v e  c n p d b i l i t i r s  require a d d i t . i a n n l  w r i f  i ca t ioo .  

Thp purpose of t h i s  r e p o r t  is t.0 d e m o n s t r a t e  t h e  m e t h o r l @ s  

= e d i c t &  c a p a b i l i t i e s .  

accordance w i t h  prewiously p u b l i s h e d  procedures -for a p p l y i n y  

Strainrange P a r t i t i o n i n g r  a larqe q u a n t i t y  of s t r a i n  h o l d - t i m e  

a n d  sttsss h o l d - t i m e  c r c c p - f a t i q u e  data for A I S 1  T y p e s  3 C B  and 

This is  a c c o m p l i s h e d  b y  a n a l y z i n g ,  i n  

316  stainless steel p u b l i s h e d  b y  i n v e s t i g i t t . o r s  from f i v c .  

i n d e p e n d e n t  I n  borator ies. The predict ions dire based on t h e  USP 

-I-------- * [ lumbers i n  p a r e n t h e s e s  designate t e f e r e u c e s  at. end of t.oxt.. 
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o f  the  interaction damage rulep(1) and t h e  l i fe  telat ioas tar A I 9 1  

Type! 316 stainless steel e s t a b l i s h e d  from ptizoious tests(U) 

coaducted a t  a s i n g l e  i s o t h e r m a l  temperature af.70fi deg C (13CO 

deg P). 

PSVf EO 

It is a p p r o p r i a t e  to rooCeu b r i e f l y  those aspects of Strainrange 

P a r t i t i o n i n g  pertinent to t h e  analyses p r e s e n t e d  i n  t h i s  papr.  

A complete background of t h e  m e t h o d . c a n  b e  found i n  a recent 

summary payer ( 5 )  aud in the i n i t i a l  papers an t h e  subject. (1-3). 

The b a s i c  p r e m i s e  of tne method of s t r a i n r a n g e  Parti*ioning is 

that creep-fatigue lite is c o n t r o l l ~ d  p r i l s a r i l p  by t h e  a b i l i t y  of 

,3 material to a b s o r b  c y c l i c  i n e l a s t i c  s t ra in .  Two i n e l a s t i c  

s t r a i n  components a r c  r e c o g n i z e d  by t h e  method; n ~ ~ ~ ~ ~ n .  

a s s o c i a  tcd wi t h t h er P a l l y  -act i v a t  e d  . t ise- depend  en t d c.f orma tior , 
and " p l a s t i c i t y " ,  a s s o c i a t e d  u i t h  t i m e i n d e p e n d e n t  deform t i o n .  

C o u p l i n g  t h e  two t y p e s  of s t r a i n  w i t h  t h e  two d i r e c t i o n s  of a x i a l  

s t ra in inq  r e s u l t s  i n  t h e  four onsic strainranges known a s  t h e  

p a r t i t i  or& s t t a i u r a n g e s :  

AS = c a n p ' l e t e l y  reversed p l a s t i c i t y  

& = tensile p l a s t i c i t y  with compressive creep 

AE = tensile c&-'3ep w i t h  c o m p r e s s i v e  p l . n s t . i c i t y  

AE = c o m p l e t e l y  reversed c w e p  

PP 

PC 

CP 

cc 

Each s t t a i u t a n y t =  c a n  be e .xpf@ssed as a f u n c t i o n  o t  cyclic l i f e  by 

a re la t ion  similar to t h e  R a n s o n - C o f f i n  e q u a t i o n .  T h e  refdtioaa 
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u s u a l l y  d i f f e r  trom oae another ,  but may be eaiacideat l a  some 

cases for some ha tarials. - They are e s t a b l i s h e d  By c o n d u c t  i n q  

c o m p l e t e l y  r e v e r s e d  s t r a i n - c y c l i n g  fatigue tests. 

On- a l l  four sttaieranqe-life relations hawe been establish-d 

for B m a t e r i a l  b~ f o l l o v i s g  recommended p r o c e d u r e s ( 5 ) .  t h t  y oap 

be u s e d  AS t h e  basis for predicting t h e  c y c l i c  lives of s p x i m e n s  

ma3e of t h a t  matatial. Conceivahly,  any h i q h  t e u t k e r a t u r e  c y c l e  

Lnwolv iaq  c o m p l e t e l y  eewersed st.rai'ns can w a n a l y z e d  and t h e  

c o r r e s p o n d i n g  c y c l i c  life c a l c u l a t e d .  The i n  t c t a c t i o n  damage 

r u l e  is used t o  a c c o u n t  for the damage due to each of the 

strainranyes p r e s e n t  i n  s u c h  cycles. 

DATA SOUliCES 

Published high-tempcraturc, low-c~c1+?2, creep- fatigue test- d a  t 3  on 

RLSI T y p e s  304 and 316 s t a i n l e s s  steel have beer; analyzed. 

creep-fatigue data tor w h i c h  li€z predictions have been made 

cover a range of test temperatures 8 316 t o  916 deg c ( ~ ( \ c  t o  1500 

deg P) ,and h o l d  t.imes ( b o t h  stress-hold and strain-hold), and 

have come from a iiumher of sources: Mansen, tialford, and 

Hitschberg ( 1 )  ; HdLfOrd:~, Hirschbarq, and Plansen (3 ) ;  ~ a l t o r d  (4 ) ;  

Dr inkman and K o t t h  (6) (7) ; Wc?c?.kS, Diercks, and Cher,g (H):  

Conway, S t e n t z ,  ana Barling ( 9 ) ;  Jaske, N i n ? l i n ,  and P e r r i n  ( 1 3 ) .  

The 

. . . .  . .  .. .I  
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A N A L Y S I S  

P a r t i t i o n i n y  of S t r a i n r a n g e s  

Partitioning of t h e  inel?st ic  s t r a i n r a u g e s  of t h e  hysteresis 

loop:; of a l l  t h e  test results c o n t . a i n e d  i n  t h i s  p a p e r  follows 

p r o c e d u r e s  o u t l i n e d  i n  Ref. (1) . The p a r t i t i o n e d  test results 

dre 3 i v e n  i n  T a t : l e s  1 t h r t i  6 .  A l l  of t h e  h i q h - t e m p e r a t u r e ,  

c t e e p t a t i q u e  tests are for c o a p l e t e l y - r e v e r s e d  s t r a i n  cycles a n d  

i n v o l v e  e i t h e r  a stress h o l d - t i m e  or a s t r a i n  h D l d - t i m e .  

P a r t i t i o n i u g  or t h e  c r e e p  s t r a i n  i n  t h e  stress h o l d - t i m e  tests is 

a S t r d i g h t - f o r W d r d  procedure of s i m p l y  c o n s i d e r i n g  as  ' c r e c p  

s t r a i n  a l l  ~f t h e  i n e l a s t i c  s t . r a i n  a c c u m u l a t e d  a s  a f u n c t i o n  of 

time u n 4 w  tho a p p l i e d  c o n s t a n t  s+.ress; the remainder  of t.he 

ine las t ic  s t r c i i n  is t a k e n  t o  be plastic s t r a i n .  The m e t h o d  of 

p a r t i t i c n i n g  t h e  s t r a i n  ho ld - t . ime  t e s t s  is  g i v c n  i n  Appcxndix A .  

I n  p a c t i t i o n i n y  t n e  i n e l a s t i c  s t r a i n r a n g e s  of t h e  d a t a  used i n  

t h i s  report, 111 the t i m e - i n d e p e n d e n t  s t r a i n  was regarded as 

" p l a s t i c i t y ( ' ,  a n d  a l l  t i m e - d e p e t l d n n t  s t r a i n  uas r e g a r d c d  a s  

@ 9 c r e ( ? p g 0  a s  r f?commended a n d  s u c c e s s f u l l y  used i n  the o r i q i n a l  

papers (1 -3 )  o n  S t r a i n r a n q o  P a r t i t i Q n i n q .  P e c e n t  studies (11) 

i n d i c a t e  t h i t  ,nurri dccum te  l i f e  p r e d i c t i o n  arc. p o s s i b l e  w i t h  a 

more s o p h i s t i c d t e d  i n t e r p r e t a t i o n  of creep s t r a i n .  However, i t  

wds not. p o s s i b l e  t o  takc d d v a n t a y e  of t h i s  new d € v e l o p a F n t  s i n c p  

t h e  l i t e r a tu rL?  d a t a  t h d t  are a n a l y z e d  i n  t h i s  paper  wet(= 

g e n e r a t e d  d n l  repor ted  p r i o r  t.) t h e  a b o v e  s t u d y .  

7 p " 



E s t a b l i s h m e n t  of Life R e l a t i o n s  

Thc? p r e d i c t  ions are based on t h e  p a t t i t i o n e d  s t r a i u r a n a t t - l i f e  

r e l a t i o n s  established from tests performed a t  t h e  N A S A - L e w i s  

Rewarch C e n t e r  on a n n e a l l e d  A I S 1  T y p e  31r; s t . n i n l e s s s  s t r f  1 c l t  ii 

s i n g l e  isot-hetmal t e m s e r a t u r e  of 705 cleq C (1.303 deg F )  . T h e s e  

test r e s u l t s  are l i s t e d  i n  Table 1 .  

The l i f e  r e l a t i c n s  for  AXSI Type 316  stainless steel shown i n  

P i g s .  l d - d  are c'xpresse?;l a s  power law e q u a t i o n s  t c l a t i n q  

i n e l a s t i c  s t r a i i i r a n q -  r n d  cyclic life . Tho b e s t .  v a l u e s  for t h e  

two constants i n  each l i f e  ral3t ion (exponent and i n t r y c c p t )  tier+' 

J e t e r m i n e d  by performiny a l i ltear l e a s t  squar.es c i i r v e  f i t  or the 

plotted data  p o i n t s .  'Ptre i n e l a s t i c  s t r a i n r a n g e  is tiit= 

i n d e p e n d e n t  v a r i a u l e  and i s  assumed t o  h e  t t i D w n  w i t .hout  crtot.  

The power f u n c t i o n s  d t e  L i r i e a r i z s d  b y  t . a k i n q  lojhrithms o t  

s t . r a i n r a D q e  and l i f e .  

Fht? c o r r e l a t i a n  c o e f f i c i r n t  and  s t a n d a r d  errsr  of est imate  were 

a l s o  d c t e r m i n e d  ( A p p e n d i x  2)  f o r  each s t r a i I l r a n g c - 1 i f e  rP1d t i  on. 

L i f e  P r e d i c t i o n  

ThcI c y c l i c  1 i v c . s  drt? predict.ed for a l l  o f  tho t.ests for u h i c h  

data are listed i n  T 4 u l e s  2 t h t u  G u s i o q ,  as a b a s i s ,  t h c  

i n t e r a c t i o n  ldmmcrge rula 3 r d  t h ?  p a r t i t i o n e d  s t r a i n r a n g e - l i f e  

r e l a t i o n s  sirown i n  Fils. 13-d. I n  mdkinq thct  l i f t t  p r e d i c t i o n s ,  

n o  spc 'c ia l  c x n s i d e r a t i o n  ut is  g i v , ? n  t o  t h e  fdct t h a t  the d a t a  camc 
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from a number  of sources i u v o l v i i r g  s e v e r a l  ditfererit t r e a t s  of 

material, a u u m h e r  at isothermal  ( a n d  some n o n - i s o t h e r m 3 1 )  

t e s t i n j  t e m F e r a t u r e s  from a s  low as 315  deg C (6CO 9cg F) t o  as 

h i g h  a s  816 d e g  C (1500 de9 F), or t h a t  d i a m e t r a l  a n d  a x i a l  

s t r a i n  c o n t r o l  was employed in o b t a i n i n g  t h e  data.  Dot)! 

stress-hold time aud s t r a i n - h o l d  time tests were i n v o l v e d .  

D e s p i t e  t h e  n u m b e r  of v a r i a b l e s  a s s o c i a t e d  u i t h  t h e  m a n n e r  i n  

w h i c h  t h e  data  were o b t a i n e d  b y  t h e  v a r i o u s  i n v e s t i g a t o r s ,  the 

s t r a i a r a n g a - l i f e  r e l a t i o n s  used for t .he l i f e  p r e d i c t i o n s  ucre 

o b t a i n e d  from tests on o n l y  on+? h e a t  of t h e  a l l o y  AIS1 T y p e  Dl6 

s t a i n l e s s  s tee l  e v a l u a t e d  a t  a s i n g l e  i s o t h r . r r n a 1  test t e m p e r a t u r c t  

of 7 0 5  deg C (1303 dog P) . 
The method  of a n a l y s l s  was proyrammed  for a d i g i t a l  c o m p u t e r ,  a n d  

a u t o m a t i c  c o m p u t e r  microfilm p l o t s  of t .he o u t p u t .  were made u s i n g  

CINCflATI': ( I d )  . 
COHPAHISON OF PREDICTED A N D  C B S E R v E n  LIVES 

P r e v i o u s  e x p e r i e n c e  w i t h  S t r a i n r a n g e  P a r t i t i o n i n q  (Ret. 2 ,  f o r  

e x a m p l e )  has  s h o w n  t.hat cyclic l i v e s  can  q e n c r a l l y  be c a l c u l a t e d  

t o  w i t h i n  t a c t a c s  of two w h e n  I e a l i 3 3  w i t h  a g i v r n  heat. of 

a a t e r i a l  t e s t e d  a t  a s i n g l e  l a b o r a t o r y  e m p l o y i n g  a g i v e n  set of * 

t e s t i n q  t echa i lues .  Factors of two i n  l i f e ,  therefore, r e p r e s e n t .  

a background v d r i a t i o n  t h a t  m i J h t  bs e x p e c t c l l  of t h i s  method when 

d e a l i n g  w i t h  d single set. of d a t a .  Whtan a d d i t i o n a l  V d K l a b l P s  arc. 

i n v o l v e d ,  s u c h  as d i f  fer,ent h e a t s  and h e a t  t r e a t m e n t s  o f  

9 



material, d i f f e r e n t  materials, different labora t o t i e s  e m p l o y i n g  

d i f f e r e n t  tes t ing  t e c h n i q u e s ,  etc., qreater variations bet.weon 

p r e d i c t e d  ana o b s e r v e d  l i v e s  should be e x p e c t e d  . 
For e x a m p l e ,  s u p p o s e  t h a t  two d i f f e r e n t  heats of a mater ia l  had 

life r e l a t i c n s  t h a t  were d i s p l a c e d  i n  l i f e  by fac tors  of two 

b e c a u s e  of, s a y ,  d i f f e r e n c e s  i n  their d u c t i l i t . i e s .  U s i n g  the 

Life  r e l a t i o n s  from one m a t e r i a l  t o  p r e d i c t  t h e  o b s e r v e d  cyclif  

L i v e s  of the other  c o u l d  thus result i n  a p o t e n t i a l  t o t a l  

v a r i a t i o n  of a factor  of f o u r .  

The resu l t s  of t h e  p r e s e n t  l i f e  p r e d i c t i o n  c a l c u l a t i o n s  a r e  shown 

i n  F i g s .  2a d n d  b where o b s e r v e d  l i f e  ,s p l c t t e d  versus p r e d i c t e d  

l i f e  for ATSI T y p e s  304 and  316 s t a i n l e s s  s teel  r e s p e c t i v e l y .  It. 

s h o u l d  b e  noted  t h a t  t h e  A I S 1  Type 316 s t a i n l e s s  steel d a t a  used 

o r i g i n a l l y  t o  d e t e r m i n e  t h e  f o u r  l i f e  r e l a t i o n s  e m p l o y e d  i n  t h e  

p r e d i c t i o n s  are i n c l u d e d  i n  t h i s  f i g u r e .  The c e n t r a l  45 

d e g r e e  L i n e s  r e p r e s e n t i n g  e x a c t .  a g r e e m e n t  bs twr -en  o b s e r v e d  a n d  

p r e d i c t e d  l i v e s  are b r a c k e t e d  b y  se t s  of l i n e s  w h i c h  i n d i c a t e  

f ac to r s  of v a r i a t i o n  b e t w e e n  p r e d i c t e d  a n d  o b s e r v e d  l i v e s .  

Close s c r u t i n y  of t h e  resul ts  p l o t t e d  i n  Pigs. 2a a n d  b r e v e a l s  

a p p a r e n t  d i f ferences i u  the c r e e p - t a t i g u e  behavior of t hesc two 

t e c h n o l o g i c d l y  i m p o r t a n t  s t a i n l e s s  s teels.  For a g i v e n  

p r e d i c t e d  l i f e  (i.e., g i v e n  i n e l a s t i c  s t r a i n r a n g e  a n d  d e g r e e  of 

p a r t i  t i m i n g ) ,  t h e  304 alloy e x h i b i t e d  g e n e r a l l v  g r e a t e r  

c r e e p - f a t i g u e  l i v e s  t h a n  the 316 a l l o y .  I f  this observation i s  a 



true r e ' f l e c t i o n  of t h e  i n h e r e n t  h i g h - t e m p s t a t u r e  b e h a v i o r  of 

t h e s e  two d l o y s 8  o n e  would e x p a c t  t h e  p a r t i t i o n e d  

s t r a i n r a n g e - l i f e  r e l a t i o n s  for AISI T y p e  314 s t a i n l e s s  steel t o  

be located s o m o u h a t  above those far A I S X  Type 316 s t a i n l e s s  

steel. B o u e v e r , t h e  ASMB C o d e  Case lSSZ(13) does n o t  a t  t h e  

moment d i s t i n g u i s h  b e t w e e n  these two a l l o y s  i n  r e g a r d  t o  the i r  

c r e e p - f a t i g u e  b e h a v i o r .  We h a v e  therefore s u p e r i m p o s e d  t h c  

results from Pigs. 2a a n d  b a n d  h a v e  p l o t t e d  t.hem i n  Fig. 3. 

fnse.: i n  F i g .  3 i s  d brief t a b l a  s u m m a r i z i n g  t h e  p e r c e n t a g e  of 

date  p o i n t s  f a l l i n g  w i t h i n  t h e  i n d i c a t e d  factors.  

To e n c o m p a s s  9 8  p e r c e n t  of a l l  the d a t a ,  i t  is n e c e s s a r y  t o  

a c c e p t  factors  of f o u r  on life. 

factor ,  t h e  a b i l i t y  of t h e  method of S t r a i n r a n q e  P a r t i t i o n i n g  t.o 

p r e d i c t  t h e  c y c l i c  l i v e s  of t h e  d a t a  c o n t a i n e d  i n  t h i s  r e p o r t  

D e s p i t e  t h i s  s e e m i n g l y  l a r g e  

must be j u d q e d  a s  s a t i s f a c t o r y  c o n s i d e r i n g  t h e  n u m e r o u s  v a r i a h l a s  

i n v o l v e d .  None of t h e  v a r i a b l e s  l i s t e d  below were d i r e c t l y  

a c c o u n t e d  for i n  m a k i n g  t h e  l i f e  p r e d i c t i o n s .  T h e  l i f e  r c ? l a t . i o n s  

used in a l l  o f  the p r e d i c t i o n s  were b a s e d  o n  o n l y  25 test r e s u l t s  

d e t e r m i n e d  f o r  o n l y  on@ h e a t  of AISI T y p e  316 s t a i n l e s s  s teel  a t  

a s i n g l e  i so thermal  t e m p e r a t u r e  of 705 de9 C (1300 deg P). 

a)  data o b t a i n e d  a t  f i v e  i n d e p e n d e n t  l abora tor ies  

b) two d i f f e r e n t  a l l o y s  

c )  several h e a t s  of material  and hea t  t r e a t m e n t s  

6) t a m p c c a t u r e s  c o v e r i n g  a w i d e  r a n g e  

e ;  i s o t h e r m a l  a n d  Ron- i so t  h 6 r m a l  t e a t s  

f )  s t r e s s  and s t r a i n  hold-b:rne c y c l e s -  



SUMi4ARY OF RESULTS 

U s i n 3  t h e  m e t h o d  oE S t r a i n r a n g e  P a r t i t i o n i n g ,  tttl f o u r  i n e l a  at.ic 

s t t n i n r a u g e - l i f e  t e la  t i o n s  u e t o  obtained ttom a least s q u a r e s  

c u r v e  f i t  of 2 5  u n i a x i a l  i s o t h e r m a l  test d a t a  p o i n t s  for A I S 1  

Type 316 s t a in l e s s  steel o b t a i u e d  a t  705 deg  c (1300 d e g  F). 

H i g h - t e m p e r a t u r e ,  lou-cycle, c r e d p - f a t i g u e  l i f e  nredictions upre 

t h e n  nade  a n d ’ c o m p a m d  t o  l i f e  d a t a  o b t a i n e d  from other 

l aboca  t o r y  s t r a i n - c y c l i n g  t es t s  c o n d u c t e d  on  s p e c i m e n s  of A I S 1  

Types 3 0 h  d n d  316 s t a i n l e s s  steel. A v a r i e t y  of t es t  c o n d i t i o n s  

were c o v e r e d  i n c l u d i u y  a t e m p e r a t u r e  r a n q c  from 316 d e 3  C t o  P 1 6  

deg C ( 6 O C  deg F to 1500 deg P ) ,  s e v e r a l  d i f f e r e n t  h c a t s  of 

anater ia l ,  haat  t r e a t m e n t s ,  a n d  s e v e r a l  t e s t i n g  t e c h n i q u e s .  Had 

t h e  p a r t i t i o n e d  s t . r a i u r a n a e - l i f e  r e l a t i o n s  bear, known for +he 

d i f f e r e n t  t e s t i n g  t . e c h n i y u e s ,  test tempnrat.ures, a n d  h e a t s  o f  

mater ia l  of i n t e K e s t ,  g r e a t e r  a c c u r a c y  i n  the l i f e  p r e d i c t . i o n s  

c o u l d  l i k e l y  have been  n c h i e v e d .  I l o u s v e r ,  t h i s  i n f o r m a t i o n  v a s  

n o t  a v a i l a b l e .  Consequently, life r e l a t i o n s  f o r  a s i n y l e  

c o n d i t i o n  were u s e d .  P r e d i c t e d  l i v c s  agreed  w 1 t . h  o k e r v e d  l i v e s  

w i t h i n  t ac tors  of two €or 76 percent, f a c t c r s  of three for 93 

p e r c e n t ,  and factors of four for 98 p e r c e n t  of t S e  l a b o r a t o r y  

tests a n a l y z e d .  

T h i s  study i l l u s t r a t e s  t h a t  t h e  m e t h o d  of ; t r a i n r a n g e  

P a r t i t i o L n q  h a s  the a b i l i t y  to  bo th  sharnct.fgipc a n d  Eki;dici the 

c r e e p - t a t i g u e  b e h d v i o t  of a m a t e r i a l ,  o r  cldss of m a t e r i a l s ,  i n  a 
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s i m p l e ,  straight-tarwatd manner based OR the  tesiilts €roe a 

relatively sea 11 number of iwothoterl Lamratorp tests. .  

L e w i s  Research Cm4ter8  

Uatioaal Aerotaotics and Space AdBiais tret ioa ,  . 

cl~relanrt, Ohio, flarch 5. 1975, 
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AI’PPINDfX A 

P A h T I T l o U I I C  of S P R A I N  HOLD-T1:ME TESTS 

ourt of t i a e - d e p e n 3 e n t  s t r a i n  i n d u c e d  i n  a c y c l e  t t  t is 

a s s o c i a t e d  w i t h  a h o l d  p e t i u d  a t  c o n s t a n t  tota l  s t r a i n  call h e  

4 e t e t m i n t r i  d i r e c t l y  f tom a k n o u l a d g e  of t h e  m o d u l u s  o f  c l a s t i c i t v  

and the amount of stress t h a t  is relaxed d u r i n q  t h e  h o l d  t i m e .  

This is i l l u s t r a t e d  w i t h  + h e  a i d  of F ig .  A-1. Hnre a 

st.ress-stmin hysteresis l o o p .  ghcAea ,is s h o u n  for t h e  case of a 

tensile s tra in  1~oLd. The inelastic s tra inrang*> is g i v e n  hy kc, 
I n  the tehsile h a l f  of t h e  c y c l e ,  t h e  componvnt  of i n e l a s t i c  

s t r a i n  &’ is d e f i n e d  to b e  t i m a - i n d e p c n d e c t .  p l a s t i c  s t r a i n  

since t h o  s tra ikir i j  rdte i n  g o i n 7  troc p o i n t .  t o  ,c is prcsumed 

t o  be h i q h  e n o u q h  t o  prrxludc .  creep effects. The strairi  r a t e  was 

groator than 9.:)W/sec for a11 of t h e  t.est t f . * s u l t s  analyzc-rl in 

this paper. A t  p o i n t  ,c t h e  t o t a l  tensile s t r a i n  i s  h e l d  c o n s t a t i t  

arr.1 the stress r e l a i c s  an amount. 60 w i t h  time from point. r, to  

point .  i, The amount 01 t i n e - d e p e n d e n t  s t r i iu  u n d e r  these 

circumstances is s i n p l y  equal t o  t h e  amount of t h e  r f ? l c t x r 4  st .rcss  

r t i v i d e d  by the mos.lulas of a 1 a s t i c i t . y .  T h e  c a l c u l a t e d  q u a n t i t y  i s  

the amount of e l a s t i c  s t r a i n  that .  hdS been c o R v s t t e d  to  creep 

strain d u r i n q  t h e  relaxat: ion process. 

To better a p p r e c i a t e  this, OIIP c o u l d  consider a d i f f e r e n t  

s t r e s s - s t r a i n  p a t h  through w h i c h  t h e  s p e c i m w i  could s u b j c c t d  

to still a r r i v e  a t  p o i n t  9. 
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A t  p a i i t t  c, l i s s u s e  t h a t  the stress h a d  h e m  h e l d  c o n s t a o t  and t h e  

s p e c i m e n  uds allowed to creep u n d e r  constant stress to p o i n t  a'. 
l a a e . i i a t e l y  upon  r o a c h i n g  4.. t b o  specimea could b e  u n l o a d e d  

e l a s t i c a l l y  to  p o i n t  4. Uudcr these a l t e r n a t e  ci mumstances, the 

c r a q  s t r a i o  is readily i d e n t i f i e d  as the amouat A*, uhich is 

e x a c t l y  eyua l  in aargaitude +o the elastic s t r a i n  chaagc produced 

by dscredisiuq t h e  stress froa its valuc? a t  5 o r  9' to its v a l u e  

a t  d. the lo.>p is srnpletr l?d by a t r a S . a i n q  r a p i d l y  from p o i n t  & 

bacK to point 5. Thc i n e l a s t i c  s t r a i n  d u r i n g  compressive 

!?e€oriation is equal  to 24 and is t i m e - i n d e p e n d e n t  p l a s t i c i t y  for 

t h e  prob1t.n a t  h m d .  For t h i s  cycle the inelastic strainrange kc 
contains only two p a r t i t i o n e d  inelastic strainrange components, 

= t,c' ;inti A€ = s'e(= G!') PP - CP 



APPENDIX R 

CORRELATION C O F F F I C I E N T  and S T A N D A R D  ERPOR of ES?IRA?’E 

T h s  c o r r e l a t i o n  c o e t t i c i c n t  ( 1 4 )  is a mnaswc of how v e l 1  t h e  

as sumed e q u a t i o n  r e p r e s e n t s  t h e  :lata.  A c o r r e l a t i o n  coef f i c i c n t  

near - 1 . C  zor n e g a t i v e l y  s l o p e d  r e l a t i o n s  (or  + l . O  for p o s : t i v p l y  

slatBed r e l a t ions )  i n d i c a t e s  ths ssumed e q u a t  i o r r  rcsprawnts t h r .  

data well. If * the c o r r e l a t i o n  c o e f f i c i e n t  is n e a t  t e c o ,  i t  mCar.s 

the a s s u m e d  a 4 u a t i o n  does not represent the d a t s .  

T h e  s t a n d a r d  3rrm of estimate is a measur-:+ of t h e  s c a t t c r  i n  the 

d a t a  and is g i v ? n  by the f o l l o w i n q  cquation ( 1 5 ) .  

T h i s  e q u a t i o n  c h n  dlso  be u r i t t e n  i n  t h e  f o l P o v i t r g  forn.  

blrittan in t h i s  fori it is apparent t h a t  t.hc standrtrd e r r o r  of 

es t ima te  i s  t h e  root  rncdn squa re  o t  t h e  r a t i o  of  ohserved l i f e  to 

p r e d i c t e d  l i f e  . 
The a d v a n t a g e  o t  d e t e r m i n i n g  t h e  s t a n d a r d  error o t  estimate i n  

this manner  is t h a t  its v a l u e  is dat+!rmitiell hy t h e  r a t i o  of t h e  

l i v e s .  It i s  n o t  a f f e c t e d  by tho a c t u a l  value of the l i v e s .  

Thus it i s  p > s s i b l e  to directly compare results from the a n a l y s s  

of v a r i o u s  d a t a  sources .  
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TABLB 1 

.WBC , 
100 . 

AYY-095 
A 1111- 096 
aYY-100 
AYY-103 
AYP-105 
AYY-106 
AYY-108 
AYY- 109 
aPP-110 
AYY-128 
899-1 29 
AYY-132 
AYY-136 
AYY-137 
AYY-151 
AYY- 153 
AYY-155 
AYY- 159 
A9 V- 160 
AYY-161 
AYY-169 
AYY-202 
AYX-207 
A YV- 2 10 
AYY-2 14 

TRST 
TYPE 
RRSC 
BCCR 
CCCE 
BCZR 
HaSC 
CCCE 
TCCR 
CCCE 
BCCR 
BCCR 
BCCB 
EUSC 
BCCR 
HRSC 
BCCR 
BCCR 
TCCR 
Tcc R 
TCCR 
TCCB 
CCC R 
BR SC 
RBSC 
HRSC 
THSC 

STRAIIRA#Gt PABTITIOIItiG DATA FOR AIS1 TVPE 
316 STAIULESS STBBL tfFE RBLATIONS 

AT 705 dsg C(1300 dag P) 

TILIP. C 
TEU/COR 
705/705 
705/705 
705/705 
705/70S 
70 S/7 05 
'I 05/7 os 
705/705 
705/70S 
705flOS 
7 05/7 05 
705/705 
705/705 
70 5/7 O S  
7 0 5 n  05 
705/705 
705/105 
70 5/7 0 5 
705/105 
705/705 - 705/705 
705/705 
705/705 
705/7.05 
705/705 
70 5/7 05 

8 

3.610 
3.590 
3.780 
0,lOS 
3 -730 
3 680 

a. u2u 

U -900 
3.810 
8 -890 
3.760 
3 e508 
o.uu5 
3.496 
1 380 
3 -780 
1.328 

3.660 
3.710 
1.280 
0 .U66 
2.066 
2.360 
0.255 

0 0492 

Af2 

%pp 
0 . 424 
0.650 
1 .os0 
0.060 
0,105 
0.030 
0.450 
0.180 
0 0060 
1.150 
0.230 
3.508 

3.U96 
0.230 
0.150 
0.260 
0 .O 76 
1.200 
0.250 
0,693 
0 -466 

0.103 

2,066 
2.360 
3,219 

PC 
Af3 

0.550 
2.s40 
0.390 -- 
3.700 -- 
U. 720 
0.090 
0.760 
0.229 -- -- 

0- 

0 . 220 
0.080 

%P 
8 

0- 

1.068 
0.416 

3. U6Q 
2 e 4 6 0  

-- 
-0 

0.036 

%c 
8 

2.410 

3.'330 

0- 

-0 

-- 
e- .- -. 

3.660 
60 980 
3.310 
-I 

0.342 
0- 

0.930 
3,550 

UOBS 

1700 
100 
88 
86 

35602 
57 

0 
70 
41 
24 
98 

102 
l l S 0  

68 
285- 

37 
3R 

275 
12 

7 
3u5 

2333 
116 
146 

3000 

BPRE 

2528 
74 
79 
7 1  

82 
7 

59 
70 
22 
71  
6 8  

1182 
68 

264 
70  
48 

258 
9 
7 

336 
2151 

168 
134 

2888 

27a83 
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T A B L E  2 

S CEC. 
w3. 

A Y Y - 1 0 1  
B V Y - 1 0 2  
A Y Y - 1 1 9  
A Y  Y - 127 
A Y Y - 1 3 0  
A Y Y - 1 3 3  
A Y Y - 1 3 9  
A Y Y - l u @  
A Y Y - 1 4 U  
A 9  Y - 1  Y 5 
A YY- 150 
APY- 1 *2  
A Y Y - 1 5 8  
A Y  Y - 1 h 2 
A YY- 1 ti 3 
A Y Y - l b 4  
AYY-166 
A Y  Y -167 
A Y Y - 2 C  3 
A Y Y - Z G 4  
b Y Y- 2 as  
A Y Y -2c f3 

a Y Y-1c 8 
A Y Y - 2 0 9  
A Y Y - 2 1 2  
A Y Y - 2  15 
A YP- 2 1 b 
A Y Y - L l H  
R Y Y - 2 1 9  
A Y  Y-22 2 
A YY- 22.1 
A Y Y - 2 2 5  
4 "Y-227 
A Y Y - ? 3 ' 3  
A Y l  231 
A Y Y -  - 3 3  
AYY-234 
A Y Y  -2 3 7  
A Y Y - 2 3 9  
A Y Y - 2 4 0  
A Y k - 2 4 1  

TEST 
rYPL3 
CCCR 
DCC R 
TCC R 
TCCR 
OCCR 
THSC 
X C  R 
BCCR 
TR x 
BCCH 
ECZR 
BCC Q 
acc B 
BCCR 
dCZ li 
BCC 9 
BC2 3 
ECCIi 
TH .X 
TCCP 
ccc P 
CCCP 
rii 52 
TCCP 
rri SL' 
T 2: P 
ZCC 3 
rc!x 
TCL'P 
L;ccn 
TL'C 2 
C C'C R 
tCCH 
L R.3 c 
Lc: R 
CCC 2 
TCC P 
Ti' :R 
TCZ P 
TCCP 
TCC 1' 

I O D s  NPPF: 

77 
76 
94 
9 

.71 
u9 

3 18 
17 

22 3 
1 4  

l a  11 
9 

19 
7 c  
17 
72 
-1 6 
2s 

3c9 
9914 
fin 2 
1u1 

55 
27  

1 3 2  3 
?R 

1C.C 
1731 

5 
5 1  
49 

f. 95 
2252 

64 
377 

h 3 
32 
17 

lL1 
lC 

21: 7 
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TABLI  3 A  

S Z H A I I B A I G E  CARTITIOIING DATA FOR A I S 1  TYPE 
30Q STATUI.ESzS STEEL - REF. 6 

SPEC . 
w3 . 

B-26 
BT-76 

A-223 
BT -9 5 
8-27 
BT-15 
BT-6 
8-224 
A- 32 

A 18s  
t! -20 
8- 6 
8-39 
A 1 C 2  
A 1  810 
A- 33. 
4-70 
a- 7 
8-17 
B I4 
A2 30 
B T S  
A-231 
A - 2 M  
8 -22 
De-10 

,8-15 

TEST 
TYPE 
TH SC 
THSC 
THSC 
TRSC 
TH .SC 
TUSC 
Th SC 
THSC 
TRSC 
THSC . 
THSC 
THSC' 
TH SC 
TClSC 
TH SC 
T S C  
THSC 
THSC 
Til SC 
THSC 
TIi SC 
TfiSC 
TP SC 
T b C  
TR 'iC 
THSC 
TH CIC 

'PERP. C Bein 
TI!N/COt4 % 
593/593 1.450 
59 3/593 1. URQ 
593pi.93 1.52t 
593/593 1.410 
593/593 I 1.400 
593/593 1.380 
5 9 3 p 9 3  1,600 
59 3/59 3 1 . 56C 
593/593 8 C.fiU0 
593/593 0,650 
533/593 0.6UO 

S93/593 6.630 
593/593 0,710 
593/593 0.630 
59 3/59 3 0.62C 
5 9 3 ~ 5 9 3  0.71C 
593/593 0.75C 
593/593 0.210 
593/593 0.340 
593/593 0.2cr) 
593/593 G . 230 
593/59.3 CI.191r 
593/49 3 0.240 
593/593 rr.2t)r) 
59 3/593 C.66(! 
593/5!33 0.150 

59 3/59 3 6.670 

AEPP 
t 

1.4U2 
1.445 
1.472 
1.369 
1.357 
1.332 
1.347 
1.504 
0.628 
0.640 
0.630 
0.649 
0.613 
0 . 6 A S  
n.607 
'1.593 
0.A79 
3.711 
0.2ou 
0.738 
0.199 
0,236.  
0.1R7 
0.234 
0.274 
0.637 
/).lU7 

0 0  

h OBS 

106H 
545 
36 9 
272 

?(roe 
38 2 

19C 
119r; 

-1659 
148k 
1 7 C H  
lS55 
806 
63 1 
488 
59 3 
41 FI 

1 2 M t  
13393 
IC756 
12CR3 

6245 
5U7U 
3725 
1574 

18271 

27 1 

WPRP! 

2 96 
251 
2 28 
24.3 
26U 
2,6 3 
2-52 
212 

1091 
1087 
111u  
929 

1061 
821 

1000 
O R 5  
781 
6 78 

6890 
6285 
HUH3 
63U4 
R R 9 U  
5699 
4410 

9 13 
12955 

S ' L ' R A I N R A N G E  P A S T ~ T J O N I N G  DATA FOR AXST TYPE 
316 STRTNLESS S T E R t  - 9FF.  7 

A0 Ae 
CP *'CC NDPS MPHE 

% -- 5 5 8  ' 2 5 3  

137 22R 
D-219 TflSC 593/59.3 1.520 1.CHo -- 0.040 -- 147 236 

A€ 
PC 

% % -- c .e22 
%pp 

SPEC. TEST TEHP. .C AEl"  
NO. TYPE TEN/CO!I % 

D-212 THSC S Y 3 / 5 Y J  1.470 1.446 -- c . c z 2  -- s 4 2  279 
~ 2 G 8  THSC 593/593 1.5SC 1.509 -- r . P U l  - 0  

D1211 THSC SYJ/S93  1.S3C 1.5Ctl 
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SPBC 
90. 

15A- 10 
1 5 A06 

1%-11 
5 A-9 
7A-7 

1 S A-5 
1SA-4 
14A-1 
1 SA- 8 

124-12 
0a-9 

62-6 
AA-28 
T- 36 

10A-10 
10 A-1 

A A - l o  
T- 30 

10 A-8 
T-13 
T-9 1 

loa-7 
10 A-6 

9 A-2 
AA- 14 
T-18 

Ai-23 
To56 
51-9 
T-74 

T-217 
T-44 
08-2 
7 A-2 

6A- 1 1 
6 8-3 
T- 58 
U A-7 

128-6 

io a-2 

To72 * 

~ ~ - 2 7  

3a- 1 

TBST 
TY Pa 
'PES6 
P E W  
msc . 
TUSC 
TESC 
t&pC 
Ntsc 
TfllSC 
TflSC 
T B C  
WSG 
THSC 
TBISC 
T S C  
TBSC 
T B C  
ctlsc 
CBSC 
THSC 
T S C  
Tfl SC 
TBSC 
TflSC 
TRSC 
TH SC 
T I C  
Til sc 
C l C  
cesc 
C S C '  
THSC 
T B C  
cflsc 
T I C  
T8 $C 
T S C  
TRSC 
CBSC. 
TB SC 
TBSC 
TR SC 
TliSC 
TRSC 

TAQLB Q A  

S T R A I Y R M ~ B  PARPITIOPTII~I DATA mu ' AISI TYPE 

map. c 
T PO/QOU 
365,;6S . 

56SfiQ5 
S65/565 
S6S/s6S 
S6!S/!56S 
§65/565 
56 §/SdS 
sesfies 
56 §/S 65 
593 /593 
593/593 
593/593 
593/593 
593fi93 
593/593 
593/§93. 
59 3/59 3 
593/593 
59 3/593 
5 9 3 p 9 3  
593/593 
5 93 /593 
593/593 
s 9 3 p 9 3  
59 3/593 
593/593 
593/593 
5 93 /s 93 
593/593 
5 93 /5 9 3 
593/593 
593/593 
593/593 
593/s93. 
s 9  3/593 
65 0/6 5 0 
650/650 
650/650 
650/6 50 
6 5 0/6 5 0 
650/650 
650/650 

SbS/SiSS 

&I" 

o.aso 
8 

0 .'a30 

0.710 
0.090 
6.710 
0.7QO 
0 750 
1 .os0 
1.650 
1 rn 840 
0,250 
0.280 
0.280 
0.280 
0 . 42Q 
0.680 

0.720 

0 . 700 

0,690 

0.720 

0.740 
0 700 
0.710 
0.680 
0.720 
0.740 
0.700 
0.700 
'0.700 ' 

0.720 
0.710 

0.740 

1.660 

0 740 

0.960 

1 660 
0.330 
6.710 
0 770 

0.790 
0.800 

1 . 770 
1.760 

%P 
% 

0.222 
0.428 
0.688' 
0 676 
0.689 
0.916 
0,906 
1.018 
1.596 
1.762 
0.248 
0.. 272 
0.265 
0,231 
0;UOl 
0,656 
0.676 
0.700 
0,686 
0.675 

0.688 
0.689 
0.659 
0.109 
0.721 
0.67.9 
0.691 
0.689 
0.702 
0.661 
0.708 
0.718 
0.925 
1.612 
1 . 606 
0.312 
0.683 
0.725 
0.774 
0.745 
1.701 
1.729 

0.710 

% 
% 

0 . 008 
0 022 
0.022 
0.01u 
0.021 
0.024 
0.044 

, 0 , 032 
0.656 

0.002 
0 .OO8 
0.0'15 
0 . 009 
0,019 
0.024 

0.078 

-..- 
-0 

0.034 
0.025 
0.030 
0.012 
0*021 
0.021 
0.011 
0.019 
0..021 -- -- 

-0 

0.029 
6.032 

0.03s 
-0 

0,048 
0-  - 0 . OS4 
-0 0.0 18 

0.027 . -0 -- .o.ou5 
-0 0 e026 
-0 0.045 
0- 0.069 
0- 0.031 

BOBS BPRB 

3789 5694 
395 1655 

1509 84 3 
3574 949 
3027 850 
6 06 778 
672 6§3 
236 433 
190 195 
93 * 154 

9365 5876 
14970 4211 
10441 3636 
3883 ' 9118 
2765 1902 
1235 88@ 
2272 1082 
2353 1001 
,338 

1664 
666 

1096 
1328 
1619 
2719 
2961 
1470 
2 97 3, 
3344 
2 995 

636 
55 3 

2810 
656 
112 
237 

3 198 
1944 
'645 
,930 

525 
2 53 
311 

747 
8 39 
7 U  1 
946 
850 
908 
9 1 3  
812 
869 

1062 
1060 
1003 

3 9u 
7 29 
955 
4 86 

195 
27 29 
1011 

625 
691 
603 
168 
190 

1.99. 
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TABLE BB 

STRAIlUA66E BARTTTfOOIDt3 DATA kOR U S 1  TYPE 
316 SPAISLESS ITS11b - BBP. 6 

'A% b p p  &pc AS &eC 
'OBDjCOU % 0 % CP t 
TWB. C 

565/S6S 0.590 0.5W -0 8.006 -- 
565fi65 0.580 0.993 -0 O o O O 9  -0 . 
565/!365 0.600 0.518 -- 0.022 -- 
565/S65 0.620 0,598 -- 0,022 -- 
565j56S 1.990 1.436 -- O.OSc, -0 

6S0/650 0.650 0.621 0.029 -0 0- 

650/650 1.750 1.658 00 0.092 0- 

650j650 1.760 1,671 -- 0 . 089 0- 

S65jS65 0.570 0.9UI) -0 0.026 0- 

565/56S * 1.460 1.011 -0 0.049 0- 

6501650 0.650 0.613 -- 0.033 -- 

TABLE 3 

S DBC. 
BO. 
081-5 

35-9 
18-10 
20-7 

081-9 
20- 1 
20 -9 

GP 2-Cr 
CB2-2 

GRl-10 
GP1-3 

S PBC. 
so . 
57- 8 
65-  3 
5 1  -1 1 
57- 9 
57-1 2 
65- 1 
56- 2 
56- 3 
64- 4 
53- 8 
65-1 1 
65- 9 

-53-  9 
54- 9 
57- 2 
56- 12 
53-  1 
56-1 1 
56- 5 
56- 1 
53-10 
53-12 
54- 2 
5u- 1 
57- 6 
57- 7 
59- 3 
52- 11 
67- U 
66-1 1 

TBSP 
TYPB 
TtBC 
msc 
TESC 
TESC 
T I C  
TW SC 
TIBC 
C6SC 
T f s C  
41 SC 
THSC 

TEST 
TYPB 
BESC 
BRSC 
TEISC 
TI!= 
TBSC 
Til SC 
T B C  
THSC 
T6SC 
BHSC 
URSC 
OH SC 
BfSC 
BHSC 
TBZiC 
TRSC 
TRSC 
TWSC 
T B C  
TRSC 
TESC 
T I  SC 
T S C  
Tit SC 
T W C  
TE SC 
casc 
C HSC 
THSC 
T I  9C 

STRAIlWAUGB PAETITIOSID6 DATA FOR AIS1 TYPB 
304 STAIloLESS STEEL - BEIF. 9 

TEMP.. C 
TBI/COll 
6 50/6 50 
6 5 0/6 5 0 
650/650 
65 0/650 
650/6 50 
6 5 0/6 5 0 
650/650 
650/650 
6 50/6 50 
650/650 
650/650 
65 0/6 5 0 
6 50/6 50 
650/650 
650/6 50 
650/650 
6 50/6 50 
6 5 0/6 5 0 
650/6 50 
650/650 
650/650 
650/650 
650/650 
6 50/6 5 0 
650/6 50 
6 5 0/6 5 0 
650/6 SO 
6 5 0/6 5 0 
537/537 
53 7/5 37 

(1, 
0.310 
0.310 
0.290 

0.320 

0.340 

0 e280 

0.310 

,Om330 
0.3OO 
1 e710 
1 . 769 
1.790 
1 . ROO 
1.840 
1.640 
1.640 
1.660 
1.660 
1.710. 
.1.710 
1 e790 
1.760 
1.770 
1 a779 
1 . 780 
1 .BOO 
1.700 
1 . l o o  
0 . 240 
3.460 

:p 
0.315 
C.305 
0.285 
0.275 
0.300 

0.337 

0.307 

0.288 

,00292 

1.660 
1 700 
1.115 . 
1.732 
1.769 
1.607 
1.595 
1,610 
1.610 

1.6U3 
1.716 

1.677 
1.689 

1.705 
1.629 

1e6U3 

1.684 

1 0680 

1.626 
0.236 
3.497 

be 
CP 
-0 

-0 

0.00s 
0;005 
0.030 
0.@22 
0 . 033 
0.038 
0,033 

-0 

0 033 
0.039 

-0 

-0 

0.033 
0 045 
0.050 
0.050 
0 . 067 
0.067 
0 074 
0.076 
0 093 
0.090 
0.100 
0.095 

-0 

0- 

0.004 
0.053 

% 
0.805 
G. 005 

-0 

0.050 
0.036 
.O. 036 
0,068 
0.071 

-0 

lab9 1331 
1990 1352 
411 1125 

1333 '1086 
552 1034 
155 229 
363 ac, 1 

1690 1193 
U60 872 
191 158 
191 158 

MOBS @@RE 

6916 3988 
10266 4205 
3869 4271 
5351 US17 
1703 2758 
1713 2789 
862 '2106 

1216 2053 
995 2106 
526 231 
308 191 
336 183 
380 212 
4 16 204 
570 2 16 
5u5 , 205 
329 198 
33 1 198 
193 178 
20 1 178 

. 196 162 
165 165 
1 uu 155 
158 155 
150 150 
120 150 
480 2 34 
U09 2 39 

17920 5928 
101 62 
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PBBLB 6B 

STBAIlRAOBB PAWPITIOMIUG 8ATA 108 AIS1 T W B  
316 SPAIULBSS STBIZ - tlS9. 10 

SPBC. 
10. 

22 
23 
68 
24 

27 I 
25 

71b 
661 
69 L 

26 

TBST 
V I P 8  
TtcTIC 
T83c 
F I S C  
TCIX 
TtlsC 
TBSC - 
TBSC 
TBSC 
TBSC 
THSC 

TBW. 6 
TSp/eO11 
56S/s6§ 
565fi65 

650/630 
650piSO 
650/6 50 
6 5 016 5 0 
6 50/6 50 
650/650 

! 
I $  
r l a 5 0 0  
* O o 6 8 0  
I la340 
' 1,590 

1,650 
1 0.720 

0.360 
0.280 
0.260 

1 ' la600 

1.957 
0,618 
1.297 
1.506. 
1. 598 
0 a688 
0.721 
0.260 
0.241 
1.505 . 

' %p 
% 

0 0'043 
0,022 
0,043 
O o 0 8 1  
0 , os2 
0,032 
0 a 039 
0.020 
0,019 
0,095 

163 
s3u 
16 
86 
a1 

u12 
190 
753 
790 

os 

2 37 
986 
2 82 
186 
198 
759 
665 

3313 
3731 

177 

24 
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61 AlSl TYPE 3 6  STAINLESS SEE1 DATA FROM RfFs. 1,2.4.7,& AND la 

0 I 

Id 1 10 

STAN ERROR OF EST - 0.2699 /// 
a PP+PcDAM4GE 
0 PP+CPDAMI\GE 
0 PP+PC*CP+cCoAM4GE 

PREDIClED UR, C’4CIES 
(b) AlSl  lYPE 304 STAllESS SlEg DATA WOM REFS. 48.9, AND 10. 



Rgure A-I. - Schematic hysteresis 0 - w  for tensile strain 
hold-time ted illustrating partitiu J of inelastic strains. 

N A  ;a-Lewis 


